In humans, uridine 5′-diphosphate glucuronosyltransferase (UGT) operates in opposition to glucuronidase (GUS) to control activity of diverse metabolites such as hormones by reversible conjugation with glucuronic acid. Previous data revealed that, as in mammals, these enzymes are required for plant life in that a UGT from Pisum sativum (PsUGT1) controls plant development by opposing endogenous GUS activity thereby modulating the duration of the cell cycle. Here we report that a small family of genes (AtUGT85A1, 2, 3, 4, 5, and 7) homologous to pea PsUGT1 exists in the Arabidopsis genome. The AtUGT85A-encoded proteins are predicted to be membrane-associated enzymes. Three genes (AtGUS1, AtGUS2, and AtGUS3) that are homologous to a GUS-encoding gene from Scutellaria baicalensis were identified. The AtGUS-encoded proteins are predicted to be secretory (AtGUS1) and membrane-associated (AtGUS2 and AtGUS3) enzymes. Both AtUGT85A and AtGUS genes, like PsUGT1, exhibit localized, tissue-specific expression, mainly in areas of active cell division with possible involvement in cell cycle regulation.
Glycosylation is a critical metabolic pathway with diverse roles in cellular processes [1] . In plants, glycosylation of phytochemicals by the addition of glucose or other sugars generally results in enhanced water solubility and lower chemical reactivity, allowing long-term storage in vacuoles or cell walls [2] . Reversible conjugation of hormones such as auxin and cytokinin may be important in "homeostasis" for the regulation of physiologically active hormone levels [3] . In other cases, conjugation of plant hormones might accompany or introduce irreversible deactivation.
Based on amino acid sequence similarities, glycosyltransferases (GTs) from diverse species have been classified into 87 families (http://afmb.cnrs-mrs.fr/CAZY/), with hundreds of GTs in the Arabidopsis thaliana genome. GTs are the families of carbohydrate-active enzymes that add sugars to diverse substrates [37, 38] . Family 1 GTs (UGTs) are predicted to transfer nucleotide-diphosphate-activated sugars to a diverse array of low-molecular weight "secondary" metabolites [4] [5] [6] 34] . Family 1 GTs (UGTs) are classified based on the presence of a 44-to 50-amino-acid C-terminal consensus sequence. This sequence, thought to represent the nucleotide-sugar binding site, is termed the plant secondary product GT (PSPG) consensus [39] and has been identified in 120 putative PSGTs in Arabidopsis [6] . In family 1 GTs, 120 GTs in Arabidopsis are classified into 14 groups (i.e. groups A-N) based on their substrate specificities [12, 36] .
Family 1 GTs have been extensively studied both in Arabidopsis and in human. In mammals, UGTs coordinate the cellular activity of endogenous signal molecules such as steroid hormones and detoxify xenobiotic molecules from the environment [7, 8] . Polymorphisms among human UGT genes are associated with increased susceptibility to diseases including cancer, and loss-of-function mutations can be lethal [9] [10] [11] . In mammals, UGTs transfer sugar from UDP-glucuronic acid to endogenous acceptors. In contrast, plant UGTs transfer glucose from UDP-glucose to acceptors including hormones and small molecules [35, 36] .
Despite their long-established role in animal metabolism, UGT activities in plants historically have received relatively little attention [12, 13] . Predicted substrates of plant UGTs include diverse chemicals such as flavonoids, terpenes, auxin, cytokinin, salicylic acid, and sterols, which are postulated to play key roles in plant development, metabolism, and defense [14, 15, 34] . As such they comprise important targets for agronomic and medicinal applications [16] . To date, however, information about the expression, function, substrate, substrate specificity, and biological effects in plants is limited to a few individual UGTs [17] [18] [19] [20] [21] . One obstacle to defining function is the chemical complexity and diversity of the metabolites that may be modified by UGT activities. Plants produce N9000 species of the flavonoid class alone, and a single flavonoid, quercetin, can exist as 350 distinctive glycosides by the action of UGTs [17, 22] .
In previous studies [20, 21] , we isolated a Pisum sativum UDP-glucuronosyltransferase gene (PsUGT1) and established that its expression is localized to meristems and is tightly correlated with the induction of mitosis. The PsUGT1 enzyme, when expressed in Neurospora crassa, was shown to glycosylate a single metabolite from pea root extracts [21] . Inhibiting PsUGT1 expression by antisense mRNA expression under the control of the PsUGT1 promoter resulted in lethality in pea and alfalfa.
As a part of the characterization of PsUGT1 expression, efforts were made to develop a reporter gene using the PsUGT1 promoter fused to the standard reporter gene Escherichia coli uidA encoding glucuronidase (GUSA) [23] . Surprisingly, when expressed in coordination with meristem-localized UGT expression, GUSA expression was lethal. Two explanations could account for this result. First, the lethal effect of the PsUGT1 promoter-controlled expression of GUSA, which removes glucuronic acid from diverse substrates, could verify the importance of PsUGT1 by the artifactual neutralization of its biological activity when the two genes are expressed in the same time and place. Second, PsUGT1 might operate normally in conjunction with an endogenous GUS activity, which operates in tandem with PsUGT1 to modulate activity of specific signals controlling the cell cycle [23] . Predictions of this hypothesis are that (1) a gene or genes encoding GUS are present in the pea genome, (2) GUS activity is expressed at the same time and place as PsUGT1, and (3) GUS activity exerts physiological effects in opposition to those of PsUGT1 by reversing the enzyme's glucuronidation of biologically active metabolites.
In microorganisms and animals, GUS operates in tandem with UGTs in the reversible conjugation of a range of biologically active molecules [40] [41] [42] . In vertebrates, GUS is expressed in most if not all tissues. Though its normal substrates are not well characterized, it has been implicated in functions ranging from sperm cytoskeleton structure [43] to regulation of thyroid hormone levels in cardiac fibroblasts [44] . Its key role in metabolism has made it a prime target for genetic therapies in humans [45, 46] .
One plant GUS-encoding gene has been isolated from Scutellaria baicaliensis (sGUS) [24, 25] . In preliminary studies to examine the hypothesis that PsUGT1 operates in conjunction with a GUS enzyme in legumes, efforts to identify GUS genes in pea using probes from sGUS were unsuccessful (unpublished). In this study, we exploit the Arabidopsis genome as an alternative model to test predictions of the hypothesis that colocalized UGT and GUS activities in meristems control key aspects of plant development. We report that six genes (AtUGT85A1, 2, 3, 4, 5, and 7) exhibit homology to pea PsUGT1 and that three genes (AtGUS1, 2, and 3), which are homologous to sGUS, are also present in the Arabidopsis genome. We used these genes as tools to examine the hypothesis that members of the AtUGT85A gene family are expressed in coordination with AtGUS genes, with opposing effects on physiology and development.
Results
To initiate studies for using the Arabidopsis model to characterize the relations between UGT and GUS activities in plant development, the Arabidopsis database was searched. In Arabidopsis, six AtUGT85A genes, named AtUGT85A4, 1, 3, 5, 2, and 7, homologous to PsUGT1, and three AtGUS genes, named AtGUS1, 2, and 3, homologous to Scutellaria sGUS, were identified (Fig. 1) . Phylogenetic analysis showed that six AtUGT85A genes together with PsUGT1 belong to group G of family 1 glycosyltransferases (Fig. 2) [12, [34] [35] [36] .
A family of Arabidopsis AtUGT85A genes related to pea PsUGT1
Six genes are clustered together in an 18-kb region on the left arm of chromosome 1 (Fig. 1A) . AtUGT85A4 is located at the end of the left arm of chromosome 1. The AtUGT85A sequences have 63-66% DNA sequence identity and 57-64% amino acid sequence identity with the coding region in PsUGT1 (Table 1) .
Five AtUGT85A genes have a TATAA box located upstream of the transcription initiation site (Fig. 1B) . AtUGT85A1, 7, and 4 genes contain a CAAT box upstream of the TATAA box, whereas AtUGT85A2, 3, and 5 genes lack a CAAT box. AtUGT85A5, in contrast, lacks a TATAA box. The sequences of the six AtUGT85A genes are conserved within the family. With the exception of AtUGT85A3, which has two introns, each gene contains a single intron. Furthermore, except for AtUGT85A5 and the second intron of AtUGT85A3, each intron has G-T/A-G conserved splicing sequences at the 5′ and 3′ ends.
A phylogenetic tree analysis in mRNA and encoded protein sequences shows that AtUGT85A1 and AtUGT85A3 belong to one subfamily and AtUGT85A2 and AtUGT85A7 belong to another subfamily (Fig. 2) . Pairwise comparisons of the DNA sequences among the family members show that each AtUGT85A mRNA shares 67 to 81% identity (Table 1) . Pairwise comparisons of the amino acid sequences among the family members show that each of the AtUGT85A-encoded proteins share 58 to 79% identity (Table 1 ). AtUGT85A genes have less similarity (45-50% identity in DNA sequences and 25-30% identity in protein sequences; not shown) with any other known glycosyltransferases, including UDP-glucosyltransferases.
The greatest amino acid identity is found in the predicted UDP-sugar binding domain of 50 amino acids at the C terminus of protein (Fig. 3) . This plant secondary product glycosyltrans- ferase motif, which is found in most UGTs, also contains highly conserved H(C/S)GWNS residues for direct interaction with uracil moiety of UDP-sugar ( Fig. 3 ) [26] . Together with PsUGT1, the Arabidopsis AtUGT85A genes belong to the GT1 family of plant glycosyltransferases (Family GT1; http://afmb.cnrs-mrs.fr/ CAZY/). In the Arabidopsis genome, 14 groups of ∼120 secondary metabolism UGT genes in family GT1 were identified [12, 4] . According to this classification, AtUGT85A genes belong to group G.
The PsUGT1-encoded protein was predicted to be a membrane-associated enzyme [21] . The WoLF PSORT program (http://psort.nibb.ac.jp/) predicts that all AtUGT85A-encoded proteins are membrane-associated enzymes, targeting chloroplasts and endoplasmic reticulum (ER). All the AtUGT85A proteins contain the xKQxxEF motif for microsome retention ( Table 2 ). The AtUGT85A1 protein contains the ER membrane retention signal QKSQ at the C terminus, and the AtUGT85A3 protein has the ER membrane retention signal GSRF at the N terminus and KIPN at the C terminus ( Table 2 ). All six AtUGT85A-encoded proteins have several posttranslational modification sites, including signature motifs for O-β-GlcNAc attachment sites and serine-, threonine-, and tyrosine-phosphorylation sites (Table 3) . This suggests that all AtUGT proteins are extensively modified posttranslationally.
A family of Arabidopsis genes related to Scutellaria sGUS
Three genes with significant DNA and amino acid similarities to Scutellaria sGUS [24] have been identified from the Arabidopsis database. Except for these three AtGUS genes, no other similar genes were identified in the Arabidopsis genome. These genes, AtGUS1, AtGUS2, and AtGUS3, have 53-54% nucleotide sequence identity with the sGUS coding region and 30-39% amino acid sequence identity with the sGUS-encoded protein (Table 1) . AtGUS1, AtGUS2, and AtGUS3 also have 46-47% nucleotide sequence identity with the human heparanase (HPSE) coding region and 18-28% amino acid sequence identity with the HPSE-encoded protein (Table 1 ) [27] . Pairwise comparisons between AtGUS1, AtGUS2, and AtGUS3 mRNAs show that AtGUS mRNAs share 53-75% identity. Pairwise comparison of the amino acid sequences between AtGUS1-respectively, and AtGUS2-encoded proteins show a strong identity (73%) and a weak identity (33%), between AtGUS1/2-encoded proteins and AtGUS3-encoded proteins (Table 1) . A phylogenetic tree analysis in AtGUS-encoded protein sequences shows that AtGUS proteins are closely related to the Scutellaria sGUS protein and distantly related to the human heparanase enzymes (not shown). AtGUS1 is located in the right arm of chromosome 5, AtGUS2 is located in the left arm of chromosome 5, and AtGUS3 is located in the middle of chromosome 5. All three AtGUS genes have a TATAA box and a CAAT box located upstream of the transcription initiation site. The AtGUS1 gene contains nine introns, the AtGUS2 gene contains eight introns, and the AtGUS3 gene contains five introns (Fig. 1C) . In AtGUS1, the second and fourth introns have G-T/A-G conserved splicing sequences, whereas the third and seventh introns have G-T/A-G conserved splicing sequences in AtGUS2. In AtGUS3, the first and third introns have G-T/A-G conserved splicing sequences. The remaining introns in the AtGUS1, AtGUS2, and AtGUS3 genes do not contain conserved splicing sequences.
The SignalP 3.0 Server (http://www.cbs.dtu.dk/services/ SignalP/) predicts the presence of an N-terminal hydrophobic signal peptide in three AtGUS-encoded proteins ( Table 2 ). The WoLF PSORT program (http://psort.nibb.ac.jp/) predicts that AtGUS1-encoded protein is secreted and that AtGUS2-and AtGUS3-encoded proteins are membrane-associated enzymes. Both AtGUS1-and AtGUS2-encoded proteins contain a leucine zipper motif. For AtGUS1-encoded protein this motif (LNREEYHLSPKDGDLRSKIMLL) is located at 470-491 and for AtGUS2-encoded protein the leucine zipper motif (LNREEYHLTPENGVLRSKTMVL) is at 452-473. No leucine zipper motif was found in the predicted AtGUS3-encoded protein. In both AtGUS1 and AtGUS2 proteins, two motifs, an ATP/GTP binding site and leucine zipper, are present. Together with sGUS, the Arabidopsis AtGUS1 and AtGUS2 genes belong to the plant glycoside hydrolase family 79 (GH79; http:// afmb.cnrs-mrs.fr/CAZY/). AtGUS-encoded proteins have several posttranslational modification sites including O-β-GlcNAc attachment sites and serine-, threonine-, and tyrosine-phosphorylation sites ( Table 3 ), suggesting that AtGUS proteins are extensively modified posttranslationally. The presence of N-terminal signal peptide was determined by SignalP 3.0 Server (http://www.cbs.dtu.dk/services/SignalP/). The certainty to be membrane associated was determined by using WoLF PSORT Prediction (http:// psort.nibb.ac.jp/). The PsUGT1-encoded protein is membrane associated [21] . The AtGUS1-encoded protein has an 85% chance of being extracellularly secreted.
Expression profiles of AtUGT85A genes and AtGUS genes
In previous studies, PsUGT1 expression was localized to regions of active cell division in leaves, roots, and flowers [19] [20] [21] . If the AtUGT85A family carries out a similar role in development, then similar expression patterns are predicted to occur in Arabidopsis. To characterize expression patterns of the AtUGT85A gene family members, three complementary approaches were used: (1) reverse transcriptase-polymerase chain reaction (RT-PCR) with gene-specific primers (Table 4 , Fig. 4 ), (2) promoter::uidA expression in transgenic Arabidopsis plants (Figs. 5A-5F ), and (3) whole-mount in situ hybridization (WISH) (Figs. 5G-5I ). The AtGUS family was analyzed in parallel to examine the hypothesis that these three enzymes operate in tandem to carry out reversible glucuronidation of specific metabolites.
Each approach revealed similar results. All six AtUGT85A genes and the three AtGUS genes showed similar expression patterns, with strong expression in root tips and leaf peripheries where cell division is active (Figs. 4 and 5) . This expression pattern, like that of PsUGT1 [20, 21] , is similar to patterns of auxin distribution [47] revealed by auxin-responsive expression [48] . A previous study [20] revealed altered auxin distribution in plants with altered PsUGT1 expression, in correlation with altered growth, life cycle, and morphology.
Silenced expression of AtUGT85A::uidA reporter gene in the T2 generation
With the exception of the AtUGT85A3 promoter, all AtUGT85A-promoter::uidA constructs with 1.5-to 2.0-kb upstream sequences were expressed in the T1 generation of transgenic Arabidopsis. The AtUGT85A5-promoter::uidA construct was not expressed in transgenic Arabidopsis. The reason for the silencing of AtUGT85A5-promoter::uidA is not known at this time. Interestingly, with the exception of the AtUGT85A7-promoter, AtUGT85A-promoter::uidA expression in transgenic plants became silent in the T2 generation. Homozygous selection of β-glucuronidase (uidA) expression under the control of AtUGT85A promoters may be lethal after the T2 generation. These findings are consistent with previous observations suggesting that uidA expression in the root meristems in correlation with PsUGT1 is not compatible with life [20, 21, 23] .
Discussion
In Arabidopsis, the duration of the life cycle can be altered in response to ectopic expression of PsUGT1, which also causes a change in auxin distribution in regions of active cell division [20] . These results suggested that the pea gene interferes with a similar process controlled by endogenous UGT activity in Arabidopsis. If so, then a PsUGT1-related gene, with similar expression patterns and effects on development, is predicted to be present in Arabidopsis. The results of the current study are consistent with this hypothesis. In contrast to pea and alfalfa, each of which have a single UGT1 gene, Arabidopsis has six PsUGT1-homologous sequences, which were named AtUGT85A1, 2, 3, 4, 5, and 7. They are clustered together in a small region of chromosome 1 except for AtUGT85A4, which is located at the end of the left arm of chromosome 1. This redundancy suggests possible gene duplication during evolution. The six genes have 67-81% DNA sequence identity to each other with one or two intron sequences at the middle of the coding region. They have less similarity (45-50% similarity in Fig. 4 . Expression of three AtGUS genes and six AtUGT85A genes (A) and AtUBC8 as an internal loading control for RNA (B) in flowers, leaves, stems, siliques, and roots. All six AtUGT85As and three AtGUS generated products corresponding to the full-length mRNAs visible in ethidium-bromide-stained gels. G3, AtGUS3; G1, 1AtGUS1; G2, AtGUS2; A1, AtUGT85A1; A3, AtUGT85A3; A5, AtUGT85A5; A2, AtUGT85A2; A7, AtUGT85A7; A4, AtUGT85A4; F, Flower; L, Leaf; St/Si, stem/silique; R, Root; M, DNA size marker. MW scale applies directly to only G1-A2 of R, others are from other gels, aligned accordingly manually in the composite image (using the MW markers in the other gels). DNA sequences and 25-30% similarity in protein sequences) with any other known glycosyltransferases, including UDPglucosyltransferases. All six AtUGT85A-encoded proteins have a highly conserved UDP-sugar binding site (i.e. PSPG motif) with strong identity to the UDP-glucuronic acid binding site in PsUGT1. In plants, the conserved UDP-sugar binding site has 44-50 amino acids and binds UDP-glucose [5] , UDP-xylose [29] , and UDP-glucuronic acid [21, 28] .
Previously, we found that meristem-localized, inducible expression of an E. coli uidA gene under the control of PsUGT1 promoter is lethal to plant development [19] [20] [21] . In microorganisms and animals, GUS operates in tandem with UGTs in the reversible conjugation of a range of biologically active molecules [7, 13] . In vertebrates, GUS is expressed in most if not all tissues. Although its normal substrates are not well characterized, it has been implicated in functions ranging from sperm cytoskeleton structure [30] to regulation of thyroid hormone levels in cardiac fibroblasts [31] . When endogenous GUS activity in the pea root cap meristem of normal plants is inhibited by an enzyme inhibitor, the cell cycle is predictably altered [23] . This could be explained by the fact that, as in animals, GUS and UGT work together to regulate cellular levels of a product controlling cell division and/or to prevent the accumulation of toxic products to levels that are incompatible with life. To test this model, we searched for genes encoding glucuronidase activities in Arabidopsis. Three AtGUS genes with high similarity with Scutellaria sGUS were identified, and the AtGUS1/2-encoded proteins were predicted to comprise an endo-β-glucuronidase (GH family 79) with similarity to heparanases of human, mouse, and rat.
If the AtUGT85A and AtGUS genes operate in tandem to modulate activity of a common substrate, then their products are predicted to colocalize within the same tissues at the same time in development. The tissue-specific expression pattern of AtGUS genes is similar to the tissue-specific expression pattern of the AtUGT85A genes; e.g., the AtGUS genes are expressed mainly in root tips, leaf primordia, and the leaf periphery. This finding is consistent with the possibility that both the AtGUS genes and the AtUGT85A genes are involved in the same cellular processes. The only endogenous plant GUS gene characterized to date, baicaleinase, encodes an endo-β-glucuronidase [24] . This enzyme, isolated from roots of S baicalensis, removes glucuronic acid from baicalein (5,6,7-trihydroxyflavone) and scutellarin (5,6,7,4′-tetrahydroxyflavone). Levvy [14] established that the enzyme is similar in specificity and pH optimum (4.5) to mouse liver β-glucuronidase and is inhibited by saccharide 1,4-lactone. He suggested that because baicalein forms 10-20% of the dry weight of the S. baicalensis root, baicaleinase must play an important role in the metabolism of the plant and that products such as saccharide-lactone, which inhibit its activity, "might act as a selective plant growth regulator."
Conclusions
Our results are consistent with the hypothesis that UGT and GUS enzymes in plants are colocalized in plants and may comprise a system allowing plants to control growth by coordinating internal and external signals through reversible glucuronidation. Localization of AtUGT85A mRNAs and AtGUS mRNAs in areas of intense cell division is consistent with possible involvement in cell cycle regulation. The availability of Arabidopsis mutants with altered expression of individual family members provides necessary tools to begin analysis of the natural substrates of these enzymes in different tissues and how they operate to modulate growth and development.
Methods

Plant materials and growth conditions
The Arabidopsis ecotype Columbia was grown in greenhouse soil at 22°C and 80% relative humidity with 16 h of light and at 20°C with 8 h of dark.
Arabidopsis gene bank search and phylogenetic analysis of AtUGT85A and AtGUS genes
To identify the PsUGT1 and sGUS homologous sequences, the Arabidopsis database was searched. Six AtUGT85A genes and three AtGUS genes were identified. Coding regions of 50 AtUGT genes including six AtUGT85A genes representing 14 groups (groups A-N) of AtUGTs were collected to draw a phylogenetic tree. Rooted phylogenetic tree was drawn by CLUSTAL W. Gap open penalty was 10 and gap extension penalty was 0.1. K-tuple size 1, gap penalty 3, top diagonals 5, and window size 5 were used.
PCR and RT-PCR
For amplifications of genomic or cDNA templates, PCRs were performed with 1.25 mM dNTPs, 5 μM each primers, 1× Taq buffer, and 0.5 units of of Taq polymerase (Roche, Indianapolis, IN) in a volume of 20 μl. The amplification program consisted of an initial 94°C cycle for 2 min followed by 25 cycles of 94°C, 15 s; (Tm-5)°C, 15 s; and 65-70°C, 60-120 s; and a final extension at 70°C for 6 min. Reverse transcription reactions for RT-PCR were done using the Superscript II reverse transcriptase system following recommendations from the manufacturer (Gibco-BRL, Rockville, MD). Gene-specific primers were generated using PRIMERCHECK and PRIMERTM softwares in SDSC Biology Workbench (http://workbench.sdsc.edu/). Gene-specific primers were used to generate first-strand cDNAs, and that primer was used as the reverse primer in the PCR (Gibco-BRL). All six AtUGT85A cDNAs and the three AtGUS cDNAs were cloned by RT-PCR into pCRII vectors with gene-specific primers (Table 4 ). The correct identity of the amplified cDNA clones was verified by sequencing the DNA sequence before use in in situ hybridization. For AtUGT85A5, RT-PCR generated a sequence of 1452 bp, which is 202 bp longer than the published AtUGT85A5 mRNA (AY039897). AtUBC8 mRNA was used as an internal loading control because it is expressed in all of the plant organs examined [32] .
Preparation of probes for in situ hybridization
The plasmids carrying cDNAs corresponding to the genes for AtUGT85A and AtGUS were linearized for T3 or T7 polymerase-directed RNA synthesis, and sense and antisense strands were synthesized for each by standard procedures. RNA was labeled by incorporating digoxigenin-conjugated UTP (Roche Applied Science).
For whole mount in situ hybridization, 7-to 10-day old Arabidopsis seedlings were fixed in 4% paraformaldehyde and stored in methanol at -20°C until needed. WISH was performed using standard procedures, as described previously [21] . The hybridization buffer was composed of 50% formamide, 5x standard saline citrate (SSC), 1 mg/ml RNA, 1× Denhardt's solution, 0.1% Tween 20, 5 mM EDTA, pH 8.0. In situ hybridization was performed in glass vials (4.5 ml) overnight at 45°C. Both sense and antisense probes (100-500 ng probe/ml) were used for each gene analyzed. Seedlings were washed in decreasing concentrations of hybridization buffer diluted with increasing concentrations of 2 × SSC. The final rinse was in 0.2 × SSC at 45°C. After two rinses in maleate buffer (100 mM sodium maleate, pH 7.5, 150 mM NaCl), the root tips were incubated in Northern block (5% blocking reagent in maleate buffer, Roche Applied Science) at 45°C for 60 min. Northern block (5% blocking reagent in maleate buffer) was replaced with fresh Northern block containing a 1:2000 dilution of anti-digoxigenin-alkaline phosphatase (Roche Applied Science) and the tissues were incubated at room temperature for 1 h. Seedlings were rinsed in two changes of maleate buffer for 30 min each, incubated in buffer No. 3 (100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 50 mM MgCl 2 ) and 5 mM levamisole (Sigma, St. Louis, MO) for 5 min, and then placed in color solution (buffer No. 3, 5 mM levamisole, 4.5 μl/ml nitroblue tetrazolium; Roche Applied Science) and 3.5 μl/ml X-phosphate solution (Roche Applied Science). Seedlings were placed in the dark and color development was monitored from 1 to 24 h. Seedlings were mounted on glass slides in ethanol and photographed. Chlorophyll was removed with methanol, which causes some loss of label in the leaf periphery due to loss of alkaline phosphatase substrates but allows observation of labeling in photosynthetic tissues.
Generation of transgenic plants expressing AtUGT85A promoter::uidA and AtGUS promoter::uidA Transgenic plants expressing AtUGT85A promoter::uidA and AtGUS promoter::uidA were generated as follows. Upstream promoter sequences of AtUGT85A and AtGUS genes were cloned into the pBI101 vector; i.e. 1.58 kb of AtUGT85A1, 1.48 kb of AtUGT85A3, 1.35 kb of AtUGT85A5, 0.93 kb of AtUGT85A2, 1.1 kb of AtUGT85A7, 1.5 kb of AtUGT85A4, 1.24 kb of AtGUS1, 1.47 kb of AtGUS2, and 1.54 kb of AtGUS3 upstream promoter sequences were PCR-amplified and cloned into the restriction enzyme sites of the pBI101 vector and transformed into Agrobacterium tumefaciens ASE.
Four-week-old plants were transformed by floral dip as described previously [33] . Seeds harvested from transformed plants were grown on Murashige and Skoog selection plates containing kanamycin. For selection of transgenic plants, kanamycin-resistant primary plants were analyzed for the presence of the uidA gene by PCR. Transgenic plants were maintained in a controlled environmental chamber with 16 h of light (mixed fluorescent bulbs) at 22°C and 8 h of dark at 20°C. Because of the silencing of the E. coli uidA gene in the T2 transgenic plants, GUS staining used plants derived from T1 seeds for AtUGT85A promoter::uidA and AtGUS promoter::uidA expression. Three-to 10-day-old seedlings were stained by 5-bromo-4-chloro-3-indolyl-β-glucuronic acid, according to the manufacturer's instructions. Samples were observed and photographed using a stereomicroscope or a light microscope.
Accession numbers
GenBank accession numbers for AtUGT85A4, 1, 3, 5, 2, and 7 are NM_106476.3, NM_102089, NM_102088, AY765462, NM_102086, and NM_102085, respectively. GenBank accession numbers for AtGUS1, 2, and 3 are NM_125518, NM_120865, and NM_122885. The GenBank accession number for Human heparanse HSPE is AF144325. The GenBank accession number for AtUBC8 is NC_003076.
